Methane (CH 4 ) emissions from Arctic tundra are an important feedback to global climate. Currently, modelling and predicting CH 4 fluxes at broader scales are limited by the challenge of upscaling plot-scale measurements in spatially heterogeneous landscapes, and by uncertainties regarding key controls of CH 4 emissions. In this study, CH 4 and CO 2 fluxes were measured together with a range of environmental variables and detailed vegetation analysis at four sites spanning 300 km latitude from Barrow to Ivotuk (Alaska). We used multiple regression modelling to identify drivers of CH 4 flux, and to examine relationships between gross primary productivity (GPP), dissolved organic carbon (DOC) and CH 4 fluxes. We found that a highly simplified vegetation classification consisting of just three vegetation types (wet sedge, tussock sedge and other) explained 54% of the variation in CH 4 fluxes across the entire transect, performing almost as well as a more complex model including water table, sedge height and soil moisture (explaining 58% of the variation in CH 4 fluxes). Substantial CH 4 emissions were recorded from tussock sedges in locations even when the water table was lower than 40 cm below the surface, demonstrating the importance of plant-mediated transport. We also found no relationship between instantaneous GPP and CH 4 fluxes, suggesting that models should be cautious in assuming a direct relationship between primary production and CH 4 emissions. Our findings demonstrate the importance of vegetation as an integrator of processes controlling CH 4 emissions in Arctic ecosystems, and provide a simplified framework for upscaling plot scale CH 4 flux measurements from Arctic ecosystems.
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INTRODUCTION
The Arctic is warming at nearly double the global rate (IPCC 2013) . A temperature increase of approximately 6°C is predicted by the end of the twenty-first century in northern high latitudes (IPCC 2013), leading to major changes in hydrological and thermal regimes, which in turn will heavily influence the direction and magnitude of the Arctic carbon (C) balance (Oechel and others 2000; Chapin and others 2005) . One of the greatest concerns is the potential for increases in methane (CH 4 ) emissions from tundra ecosystems to the atmosphere. Arctic tundra ecosystems currently account for approximately 8-30 Tg CH 4 y -1 released to the atmosphere (Christensen 1993; McGuire and others 2012; Olefeldt and others 2013) . For context, global emission rate from both natural and anthropogenic sources is approximately 500-600 Tg CH 4 y -1 (Dlugokencky and others 2011). As CH 4 has 28.5 times the global warming potential of carbon dioxide (CO 2 ) over 100 years (IPCC 2013) , increased emissions are an important positive feedback from the arctic region to global climate (Forster and others 2007; IPCC 2013) , further warming the climate system, leading to permafrost degradation and therefore increased emissions.
To reduce uncertainties in predicting future climate, an improvement in modelling of CH 4 emissions is urgently required (Matthews and Fung 1987; Petrescu and others 2010; Bohn and others 2015) . Currently, many carbon cycle models disagree on the response of CH 4 fluxes to climate change (Melton and others 2013; Bohn and others 2015) . Despite many empirical studies in the Arctic, the controls on CH 4 fluxes remain uncertain, most notably for large and heterogeneous tundra ecosystems. Substantial variation in CH 4 flux has been observed even over distances of just a few meters (Kutzbach and others 2004; Olivas and others 2010; Kade and others 2012) , making predictions of CH 4 fluxes from these landscapes particularly challenging. Previous studies have identified important environmental controls on the spatial heterogeneity of CH 4 fluxes as water table height, active layer thaw depth, soil moisture and soil temperature (Zona and others 2009; Sturtevant and others 2012; Zona and others 2016) . Vegetation also plays an important role, as it provides substrate for methanogenesis and increases CH 4 transport and atmospheric emissions (Whiting and Chanton 1993; King and others 2002; Bridgham and others 2013) .
Because vegetation type is a product of many environmental variables that also control CH 4 emissions, vegetation type itself may be a good integrator of conditions controlling CH 4 flux, allowing prediction of CH 4 fluxes from assessment of vegetation cover instead of measuring multiple environmental variables. However, many studies to date which have examined the vegetation and environmental controls on CH 4 fluxes in northern ecosystems are focused on single sites or vegetation types (Christensen and others 2003, 2004; Zona and others 2009; Olivas and others 2010) . Thus, further assessment of the consistency of relationships between vegetation, environmental controls and CH 4 fluxes across multiple tundra ecosystem types is still lacking (Fox and others 2008; Sachs and others 2010) .
In particular, improved understanding of relationships between gross primary productivity (GPP), above-ground plant community cover and CH 4 fluxes is important for modelling future CH 4 emissions. Plants provide the substrate for methanogenesis through transfer of labile C to the rhizosphere, and thus many climate models assume an increase in plant productivity in arctic tundra wetlands will result in higher CH 4 emissions (Melton and others 2013) . However, GPP and CH 4 fluxes are very rarely measured at the same time across a variety of tundra ecosystems, meaning the validity of this assumption has yet to be tested across multiple tundra sites. In addition to providing substrate, plants such as sedges enable the transport of CH 4 from anoxic zones of production (methanogenesis) to the atmosphere, bypassing oxic zones where CH 4 consumption (methanotrophy) may occur (Torn and Chapin 1993; Bubier 1995; Bubier and others 1995; King and others 1998; Strö m and others 2003; McEwing and others 2015) . This capacity to facilitate transport can differ widely between plant species or growth forms (Koelbener and others 2010; Dorodnikov and others 2011) , and the relative importance of substrate limitation and plant transport are not well established (Schimel 1995; Joabsson and Christensen 2001; King and others 2002) . A strong relationship between CH 4 fluxes and DOC may indicate supply limitation rather than transportlimitation of ecosystem CH 4 fluxes (Neff and Hooper 2002) , and thus inform the conceptual approach to modelling these ecosystems.
To address these issues, we measured CH 4 fluxes in contrasting micro-topographic positions in multiple Arctic vegetation types in four sites spanning a 300 km latitudinal gradient in northern Alaska, and investigated the vegetation and environmental controls of these fluxes.
This study provides critical advances on the work undertaken by McEwing and others (2015) using the same field sites. Our investigations present a more extensive analysis of the vegetation communities present, a wider range of environmental and vegetation variables, and a much larger sample size than the McEwing and others 2015 study.
We hypothesised that (i) the dominant overall control on CH 4 fluxes is water table depth across different vegetation types, (ii) when the water table is below the surface, the most important controls are the presence of sedges, and (iii) vegetation type will be a good predictor of CH 4 fluxes across arctic tundra, despite variation in environmental variables within the growing season.
MATERIALS AND METHODS

Site Description
The study was performed at four sites in northern Alaska: two in Barrow (Barrow-BEO 71°16¢ 52¢¢N, 156°36¢ 44¢¢W and Barrow-BES 71°16¢ 51.61¢¢N, 156°36¢ 44.44¢¢W), one in Atqasuk (70°28¢ 40¢¢N, 157°25¢05¢¢W) and one in Ivotuk (68.49°N, 155.74°W) (Figure 1 ).
Barrow is located within the Arctic Coastal Plain, where the landscape consists of thaw lake basins and areas of interstitial tundra, with approximately 65% of ground covered by low-, high-and flatcentred ice-wedge polygons (Brown 1967; Billings and Peterson 1980) . The Barrow-BES site (a drained thaw lake basin) has modest development of low centre polygons, and usually has a water table above the surface of the soil due to its low elevation (Zona and others 2009) . The Barrow-BEO site (500 m west of Barrow-BES) is substantially drier, with well-developed high-centre, flatcentre and low-centre polygons. Vegetation is predominantly wet graminoid-moss communities (Raynolds and others 2005) . Soils within the Barrow field sites are classified as Gelisols with three suborders (Turbels, 77%, Orthels, 8.7% and organic soils, 1% underlain by permafrost) others 1999, 2001 ) within 100 cm of the surface, with a soil organic matter (SOM) depth of between 0 and more than 30 cm.
Atqasuk is located approximately 100 km south of Barrow with well-developed, low-centred, icewedge polygons with well-drained rims (Komarkova and Webber 1980; Oechel and others 2014) . The vegetation consists mainly of wet sedgemoss communities and, unlike Barrow, has moist shrub and tussock sedge communities on higher microsites (Raynolds and others 2005) . Soils are approximately 95% sand and 5% clay and silt to a depth of 1 m (Walker and others 1989) , with a SOM layer depth between 0 and 19 cm, silt loamtextured mineral material and underlying permafrost (Michaelson and Ping 2003; Kwon and others 2006) .
Ivotuk is the southernmost site, 300 km south of Barrow. It lacks substantial ice-wedge polygon development and comprises a gentle north-west facing slope and a lower lying wet meadow on the margins of a stream. Vegetation is predominantly tussock sedge, dwarf shrub, moss communities (Raynolds and others 2005) , and the soils are classified as mostly Ruptic Pergelic and Cryaquept acid (Edwards and others 2000) with a SOM layer depth of between 4 and more than 30 cm [SOM content of between 25 and 50% C (Michaelson and Ping 2003) ].
Vegetation Types
The four sites are located in major vegetation types, including graminoid-dominated wetlands, tussock graminoid tundra on sandy substrates and tussock graminoid tundra on non-sandy substrates (Raynolds and others 2006) (Figure 1 ). Within each of these broad vegetation types, substantial variability of vegetation communities was identified (Table 1; Figure 2 ). To enable installation of flux collars early in the growing season, the main vegetation types present were identified by walkover surveys at 'Vegetation type' refers to the broad cross-site communities of domination plant functional-type categories identified from the cluster analysis output and NMDS. 'Sedge density' refers to the number of sedge tillers within each collar.
each site, using aerial images (WorldView2, DigitalGlobe, USA) to identify potential landscape units for further investigation. Vegetation maps and descriptions for all sites (Webber 1978; Komarkova and Webber 1980; Edwards and others 2000) were also examined to maximise consistency with existing classifications.
Walkover surveys showed that the vegetation at Barrow-BEO on polygon high centres consisted of Polytrichum moss and lichen-dominated communities with few vascular plants. Polygon rims and flat centres were dominated by a mixture of graminoids, including Eriophorum russeolum (sedge), Poa arctica (grass) and Luzula arctica (rush), with Dicranum mosses, liverworts and frequent lichens. The sedge Carex aquatilis dominated sparse vascular plant canopies in polygon troughs, polygon low centres and the drained lake basin at Barrow-BES.
At Atqasuk, tussock tundra communities on dry ridges and plateaus comprised 21% Eriophorum vaginatum tussocks and 79% inter-tussock areas (determined by visually estimating proportions of tussocks in 60 randomly placed 1 m 2 plots in the study area). Inter-tussock areas were dominated by the moss Aulocomnion turgidum, evergreen dwarf shrubs and the forb Rubus chamaemorus, with occasional Carex bigelowii. Permanent and ephemeral pools contained E. angustifolium and E. russeolum-dominated vegetation with no moss.
At Ivotuk, the tussock tundra on flat ground consisted of 57% E. vaginatum tussocks, 42% intertussock vegetation and 1% moss-dominated hollows (determined as for Atqasuk). The inter-tussock vegetation was dominated by Sphagnum moss, with less than 15% cover of a variety of evergreen and deciduous dwarf shrubs, R. chamaemorus and E. vaginatum. Moss-dominated hollows lacked vascular plants, and supported continuous cover of Sphagnum sp., Drepanocladus sp. or liverworts beneath standing water. The wet sedge meadow was dominated by tall C. aquatilis above low-growing deciduous shrubs Salix pulchra and Betula nana, and abundant Sphagnum moss (Table 1) .
The vegetation within the flux collars was subsequently surveyed at peak season (Ivotuk 18th July 2014, Barrow-BEO 22nd July 2014, Barrow-BES 23rd July 2014, Atqasuk 29th July 2014). Percentage cover of all vascular and non-vascular plant species was recorded as 0.1 (present), 1 (occasional, few individuals) or 3 (occasional, more individuals), and to the nearest 5% thereafter. Vascular plant identifications were made in the field according to Hulté n (1968), and non-vascular plant identifications according to Vitt and others (1988) . Nomenclature follows PLANTS database (USDA 2014).
CH 4 and CO 2 Measurements
At each site, PVC collars (height 15 cm 9 diameter 20 cm) were placed in all micro-topographic positions (Table 1; Figure 2 ). Collars were inserted upon thaw (late June) in 2014 using a serrated knife. A total of six replicate collars (Barrow-BEO) or seven (Atqasuk and Ivotuk) were placed in each vegetation type to a depth of approximately 15 cm, totalling 12 collars in Barrow-BES, 30 in Barrow-BEO, 21 in Atqasuk and 28 in Ivotuk (Table 1) .
CH 4 and CO 2 fluxes at Barrow-BEO/Barrow-BES were measured on 29th June, 10th, 22nd July, 7th, 15th and 22nd August, at Atqasuk on 2nd, 3rd, Figure 2 . Photographs highlighting the six main different vegetation types identified across all four sites: A tussock sedge, B moss-lichen, C mossshrub, D wet sedge, E dry graminoid and F moss only 27th, 30th July and 11th and 13th August and at Ivotuk on 20th, 21st, 22nd June, 17th, 19th July and 20th August 2014. Due to proximity and accessibility of the Barrow sites, both were measured a total of six times, whereas the remote locations of Atqasuk and Ivotuk allowed only three visits during the summer. It was not possible to measure the ''wet meadow'' collars at Ivotuk during the first visit. Measurements were made at a similar time of day at all sites (10 am-3 pm).
An LGR TM , Ultraportable Greenhouse Gas Analyser (UGGA), Model 915-0011 (Los Gatos, Research, Palo Alto, CA, USA) connected to a cylindrical plexiglass chamber (H: 500 9 D: 215 mm) via inlet and outlet tubing (2390 9 2 mm Bev-A-line) was used to measure CH 4 and CO 2 fluxes ( Figure S1 ). The UGGA was used to measure both CH 4 and CO 2 concentrations using a closed system with a 1 Hz sampling rate. The chamber was left in place for two minutes to achieve a stable increase in CH 4 and CO 2 concentration within the chamber headspace. After measurement, the chamber was removed to re-establish ambient gas concentrations, then covered with a black felt cover and placed back on the collar for a further two minutes. Net ecosystem exchange of CO 2 (net ecosystem exchange, NEE) measured with transparent chamber and ecosystem respiration (ER) was measured with opaque chamber (hood) that is used to calculate gross primary productivity (GPP = NEE + ER). Gas fluxes were calculated using the linear slope fitting technique (Pihlatie and others 2013).
Environmental and Vegetation Variables
Air temperature was measured half-hourly at 1.5 m above the surface (Vaisala HMP45C, Helsinki, Finland) at each of the sites. Soil temperature, thaw depth, pH, water table depth, soil moisture and sedge height were measured each time flux measurements were collected with the portable chamber system in each chamber collar. Soil temperature was measured at depths of 5 and 10 cm from the soil surface using an ATC temperature probe and a Handheld Data Logging Meter (HHWT-SD1 Series OMEGA Engineering, Stamford, Connecticut, USA), and volumetric soil moisture within the top 5 cm of the soil horizon using a TDR 300 (FieldScout, Spectrum technologies, Aurora, Illinois). Thaw depth was determined using a metal probe pushed into the soil, and depth recorded from the top of the moss layer as described in Zona and others (2009) . Soil pH was measured at 5-cm depth from the soil surface using a PHE-1311 pH probe (HHWT-SD1 Series OMEGA Engineering, Stamford, Connecticut, USA) and a Handheld Data Logging Meter. Water table depth (relative to the ground surface) was measured in 20-mm-diameter PVC pipes which were drilled with holes every 1 cm, and inserted at the start of the growing season adjacent to each chamber collar. Sedge height was measured from the top of the moss layer to the tallest green leaf.
Percentage cover of sedges, grasses, evergreen shrubs, deciduous shrubs, forbs, mosses and lichens were recorded in the field once at peak season, and then compared with photographs taken on each flux measurement date to produce percentage cover estimates for all flux dates. Total numbers of sedge tillers per collar were counted once early in the growing season, and the number of tillers of each species was determined at peak season when sufficient material was above-ground for identification.
Dissolved Organic Carbon (DOC)
Soil pore water was collected from Barrow-BEO on 11th July 2014, Barrow-BES on 26th July 2014, Atqasuk on 10th July 2014 and Ivotuk on 18th and 19th July 2014. Additional samples were collected from Barrow-BEO on 26th July 2014. All samples were collected adjacent to chamber collars in 10-ml plastic vacutainer tubes (BD 367985) connected to 2.5-mm rhizons (Rhizosphere Research Products, Wageningen, The Netherlands). The soil was punctured and rhizons were inserted vertically to approximately 10 cm at Barrow-BEO, Barrow-BES and Ivotuk. Rhizons were inserted at an angle in Atqasuk at a depth <10 cm due to shallow active layer thaw. Vacutainers were recovered within 2-12 h and put into storage at 4°C the same day they were collected for Barrow-BEO and Barrow-BES and within 24-48 h for Atqasuk and Ivotuk, and subsequently air-freighted to San Diego State University under refrigeration. DOC was measured colorimetrically, in duplicate, on a SpectraMax 190 spectrophotometer using the methods of Bartlett and Ross (1988) .
Statistical Analyses
Plant species composition data were analysed using hierarchical cluster analysis and non-metric multidimensional scaling (NMDS). Hierarchical twoway cluster analyses were carried out in PC-Ord version 6 (MjM Software, Gleneden Beach, Oregon, USA). NMDS analyses were undertaken using a Bray-Curtis distance measure, two dimensions (following examination of the stress plots of three Ecological Controls on Arctic Tundra CH 4 Fluxes runs), data auto-transformation (Wisconsin double and square root transformations). Following ordination, abiotic and biotic gradients and estimated peak season CH 4 flux rates (obtained by taking an average of all available measurements in July and August in each vegetation type, and then averaging over the two months) were fitted as vectors to the NMDS plot. NMDS analyses were carried out in R version 3.1.0 (R Core Team 2014) using the vegan package (Oskanen and others 2013) .
The significance of the vegetation (percent cover of plant functional groups (Chapin and others 1996) , maximum vegetation height, number of sedge tillers) and environmental variables (soil temperature, soil moisture, water table, active layer thaw depth, DOC and pH) in explaining the rate of CH 4 emissions was determined using multiple regression models. As CH 4 light and dark (felt cover) flux measurements were found to be not significantly different, each light and dark flux was averaged together for further statistical analysis. CH 4 fluxes were log transformed (CH 4 fluxes +0.2) to meet normality and homoscedasticity assumptions required in the analyses.
Multiple regression models were run following the approach of Crawley (2012) to identify nonlinear relationships and significant two-way interactions. The results were used to create an initial maximal model using the main fixed effects plus quadratic and two-way interactions. The minimum model was obtained by sequential removal of nonsignificant terms and models were compared using Akaike information criterion (AIC). Collar name was included as a random intercept term to account for the repeated measures taken across all sites. Model fits were plotted and examined visually for conformation with assumptions. The methods of Nakagawa and Schielzeth (2013) which describes the proportion of the variance explained by both fixed and random effects. Interactions were interpreted using the methods of Aiken and West (1991) . A further, simplified multiple regression model containing only the most significant main effects from the initial model was also fit to assess the proportion of the variation which could be explained by these factors alone. In this simplified model, the number of levels of the vegetation factor (included as a categorical variable) was reduced by repeatedly combining the most similar vegetation categories and refitting the model until no further reduction in AIC could be achieved (Figure 3 ). Different combinations of the different vegetation factors were used to evaluate their contribution to the overall variance explained.
RESULTS
Vegetation Communities
Analyses of vegetation composition using hierarchical clustering and NMDS showed close groupings of flux collars (grouped based on visual inspection of the ordination diagram) according to the micro-topographic and microhabitat units in which they were originally placed ( Figure 4A ). A total of six ''collar-scale'' vegetation categories were identified from examination of the cluster analysis output and NMDS, which reflected broad, cross-site communities of dominant plant functional type (Chapin and others 1996) within the measurement collars (Figures 2, 4A ). Further divi- sions within the analyses separated these groups by site, reflecting the regional differences in temperature, floristics and substrate patterns found across northern Alaska (Raynolds and others 2005) . Vegetation composition was most strongly correlated with soil moisture variables, with a significant but weaker relationship with pH ( Figure 4B ; Table 1). Peak season CH 4 flux was also significantly but not strongly correlated with the NMDS ordination of communities ( Figure 4B ; Table 1 ).
Environmental and Vegetation Variability
Air temperature ranged from between 2.1 and 13.2°C in Barrow-BEO and Barrow-BES, 4.1 and 10.9°C in Atqasuk and between 3 and 14°C in Ivotuk during the 29th June to 22nd August 2014 measurement period. Soil temperature (taken as spot measurements during each gas flux measurement) at 10-cm depth below the surface ranged from 0.3-4.3°C at the Barrow-BEO and Barrow-BES sites, 1.1-8.0°C in Atqasuk and 0.3-9.8°C in Ivotuk across the field campaign ( Figure 5A ). Active layer depth, reached a maximum depth of 45 and 38 cm in Barrow-BEO and Barrow-BES, respectively, 58 cm in Atqasuk and 70 cm in Ivotuk ( Figure 5B ). pH across all vegetation communities and all micro-topographic positions and sites was acidic-neutral (ranging between 4.2 and 5.4).
The micro-topography was tightly linked to the water table depth, with the deepest water table depths found in the high and flat centre and rims (Fig 6B) . The low centres, troughs and the drained lake collars had water table depths either at or above the surface (top of moss layer) throughout the majority of the field campaign.
Sedge tiller density was the greatest in tussock sedges, and intermediate in dry graminoid and wet sedge communities. Sedges were not present in (Table 1) . Sedge height was the greatest in the wet sedge communities [Barrow: 17.6 ± 3.2 cm (n = 23); Atqasuk: 31.1 ± 5.9 cm (n = 7); Ivotuk: 37.7 ± 12.9 cm (n = 7) ( Table 1) ]. Highest DOC values ranged from between 26.1-127.1 mg/l, with the largest being found in the troughs at Barrow-BEO and lowest in the pools at Atqasuk (both wet sedge vegetation).
Spatial and Temporal Variability in CH 4 Fluxes
Across all sites, the average CH 4 -C emissions were highest for wet sedge (1.68 ± 2.02 mg CH 4 -C m , dry graminoid 0.10 ± 0.33 mg CH 4 -C m -2 h -1 , moss only 0.25 ± 0.27 mg CH 4 -C m -2 h -1 and tussock sedge 0.46 ± 0.76 mg CH 4 -C m -2 h -1 ( Figure 6A ). CH 4 emissions were the highest in locations where the water table was either above or at the surface of the soil ( Figure 6B ). However, in tussock sedge plots, where the water table is found deep below the surface, substantial CH 4 fluxes were recorded mid-late growing season ( Figure 6A, B) . Further, CH 4 fluxes continued to increase throughout the season in the pools at Atqasuk, even when water table level dropped below the surface.
Controls of CH 4 Fluxes
The multiple linear regression model explained 58% of the variability in CH 4 fluxes R 2 GLMMðmÞ ¼ 0:58Þ. The most important variables identified were sedge height (Table 2; Figure 7A ) and soil moisture (Table 2; Figure 7B ), with greater sedge Figure 5 . Edaphic conditions A temperature at 10-cm depth, B thaw depth, measured at four Alaskan arctic field sites during CH 4 chamber flux measurements in summer 2014. Micro-topographic position in the landscape is indicated by text labels beneath x axis. Bars are mean ± standard error for each date (n = 6 or 7). na data not available height and soil moisture increasing CH 4 fluxes (Figure 7) . The squared term of soil moisture was also significant, suggesting a curved relationship between soil moisture and CH 4 emissions ( Table 2) .
There was also a significant effect of water table height on CH 4 fluxes across all four sites (Table 2; Figure 7C ) and an interaction between water table height and moss cover (Table 2 ; Figure 7D) . The relationship between moss cover and CH 4 flux becomes increasingly negative as the water table decreases. When water table depth is one standard deviation above the mean value (+3.2 cm) and at the mean value (-8.7 cm), there is no significant relationship between moss cover and CH 4 fluxes (P = 0.445, P = 0.063, respectively). At one standard deviation below the mean (-20.6 cm), there is a highly significant negative relationship between moss cover and CH 4 flux (P = 0.001). There was no significant relationship between GPP and CH 4 ( Figure S3 ), as opposed to the significant relationship found during the previous year ( Figure 8D ). 
Ecological Controls on Arctic Tundra CH 4 Fluxes
Following factor reduction in the second, a simplified multiple regression of just three categories was found to be adequate to describe the initial six vegetation types ( Figure 3) ; one category including the wet sedge, one including tussock sedge types, and the other grouping the remaining four vegetation types of moss-lichen, moss-shrub, moss-only and dry graminoid. A much-simplified model including only these three vegetation types explained a considerable 54% R 
DISCUSSION
In this study, we show that vegetation was the dominant variable explaining the spatial heterogeneity of CH 4 fluxes across a variety of tundra types across multiple vegetation communities, environmental conditions and geographic locations. Wet sedge communities appeared to dominate the CH 4 emissions over the landscape, with other vegetation types contributing to much lower emission rates. Our findings demonstrate the importance of vegetation composition as an integrated measure of conditions relating to CH 4 fluxes. Because of this, even a simplified vegetation classification using just three classes ( Figure 3 ) was able to explain almost as much variation in CH 4 fluxes (54%) as a model including multiple biotic and environmental drivers (58%). These findings pave the way for simplification of upscaling of CH 4 fluxes using remote sensing, and thus improved prediction of CH 4 fluxes in complex arctic landscapes by direct comparison of upscale flux data and model outputs. CH 4 emission models are still limited by inadequate inclusion of the important controls on CH 4 production, consumption and transport, as well as large errors in emission estimates from spatially heterogeneous landscapes (such as the ecosystems presented here) (Bridgham and others 2013) . Better characterisation of vegetation communities (most importantly sedge distribution and percent cover) can help inform process-based CH 4 emission models (through understanding of plantmediated transport emissions, for example) (Petrescu and others 2010) and ultimately improve model estimates. Direct comparison of modelled and measured fluxes has been limited by their different temporal and spatial scales. Our work provides a solution to at least partially reconcile the different spatial scales of model outputs and measured fluxes. Crucially, we show there is no relationship between instantaneous GPP and CH 4 emissions, suggesting that CH 4 fluxes across Arctic tundra are not always production limited. This strongly suggests that increasing primary productivity under elevated CO 2 and a warming climate (Melton and others 2013) may not necessarily stimulate CH 4 fluxes, in contrast to the assumptions of most existing modelling studies.
A similar study that measured GPP in two of the four field sites investigated here (Barrow-BEO, Barrow-BES) and a third site in Barrow (Barrow-BEN) McEwing and others 2015) found GPP to be a significant control on CH 4 emissions in contrast to the results presented her, which found no significant relationship between GPP and CH 4 . Analysis of the dataset from (McEwing and others 2015) (Figure 8) show that both GPP and CH 4 values at Barrow-BEO/Barrow-BES were larger in 2013 (GPP data from Ivotuk were not included in the analysis of McEwing and others 2015) than we report here for 2014. As vegetation community composition does not vary substantially between years, probably the different environmental conditions between 2013 (when McEwing and others 2015 study was performed) and 2014 (when the current study was undertaken) are responsible for this different result. 2013 was warmer than average (especially in Barrow), with the average air temperature ranging from 10.9°C in Barrow (with a maximum air temperature of 21.8°C on the 10th July 2013) compared to an average air temperature of 3.2°C in Barrow-BEO and Barrow-BES (with maximum of 16.1 on the 16th July 2014) during 2014. This resulted in an early snow-melt, and might have resulted in a more important role of plant productivity in stimulating CH 4 fluxes. Similarly, a later than usual spring snow-melt in 2014 may have contributed to lower GPP values and the Table 1 for species composition lack of a GPP relationship with CH 4 production (D. Zona, unpublished data).
CH 4 Flux Rates
The CH 4 flux rates reported in this study were comparable with previous studies in similar Arctic sites (Wagner and others 2003; Kutzbach and others 2004; Zona and others 2009; Sturtevant and Oechel 2013) . However, in contrast to these studies, we showed CH 4 uptake in drier micro-topographic positions, which, although presenting low rates, may be important where these communities cover large areas (Hartley and others 2015) .
Environmental Controls on CH 4 Fluxes
As expected, in a multiple regression model, the most important environmental controls on CH 4 flux were soil moisture, water table and sedge height, across all vegetation types, micro-topographic and geographic locations.
The importance of soil moisture and water table as a predictor of CH 4 flux is consistent with many other studies ( Figure 7B ) could be due to higher CH 4 fluxes being present in 'dry' tussock sedge locations, where the water table is low within the soil column. On the other hand, soil moisture might also have an indirect control on CH 4 emissions through its influence on vegetation type, because soil moisture was the most important factor explaining vegetation type in the NMDS ordination.
Sedge height has been highlighted as an important control on CH 4 flux within the Barrow site (von Fischer and others 2010) and here we suggest that its importance holds across a broad geographical scale, and across a wide variety of vegetation types. Sedge height may play a pivotal role in controlling CH 4 emissions because larger plants have a larger root system which may increase opportunities for transport of CH 4 produced deeper in the most anoxic soil layers (Christensen and others 2000; von Fischer and others 2010) . Furthermore, larger plants may result in more potential for CH 4 release, as the location where CH 4 may exit can be found along the length of the stem (Kelker and Chanton 1997; Juutinen and others 2003) . Consequently, if the plant is located in an area submerged in water, the CH 4 has more opportunity to be released through the part of the plant that is not covered by water (Kelker and Chanton 1997; Noyce and others 2013) .
Despite the clear importance of factors such as soil moisture, sedge height, and water table, surprisingly, in the regression analysis, the more complex model (including soil moisture, sedge height, and water table) had very similar explanatory power (58%) compared to a very simplified model containing just one predictor-a three-classvegetation type (which explained 54% of variation in CH 4 flux). This finding likely arises from the capacity of vegetation to act as an integrator of many other environmental variables that also control CH 4 flux, including the strong control that these variables have on vegetation type. For instance, there is a strong control of moisture on the vegetation present in these ecosystem (soil moisture status being the strongest determinant of above-ground vegetation communities across all four sites) ( Figure 4B ), and the importance of CH 4 transport by sedges is evident in the much larger fluxes from sedge and tussock versus moss-only plant communities. As further model validation, the inclusion of the (McEwing and others 2015) dataset highlights the robustness of our model, with the simplified vegetation category model explaining 55% of variation in CH 4 fluxes (model explained 54% of the variance in CH 4 flux in our dataset alone), while still explaining 42% of the variance when using just the McEwing and other datasets. This showed that the model was consistent across years, and under very different environmental conditions.
Contrary to other studies, we showed no relationship between GPP and CH 4 fluxes Chanton 1992, 1993; Harozono and others 2006; Lai and others 2014; McEwing and others 2015) . This result is consistent with a lack of correlation between CH 4 emissions and DOC. Thus, we suggest that CH 4 production in these ecosystems is not usually limited by C input, consistent with ecosystem scale results from these sites (Zona and others 2009; Sturtevant and Oechel 2013) , and that vegetation type is more likely to be a proxy for CH 4 transport to the atmosphere. However, a stimulation of CH 4 emissions might occur with higher plant productivity during particularly warm summers as reported by McEwing and others (2015) . This is due to the close relationship between above ground vegetation communities and the soil moisture status below ground. If land cover can be defined into known vegetation communities, potential CH 4 flux can be assumed by knowing whether species with a transport capability are present or not. We do however acknowledge that strong relationships between CH 4 and GPP have been found previously (Harozono and others 2006; Lai and others 2014), which may be due to overall higher (cumulative GPP) productivity across a longer time scale. Our finding nonetheless emphasises that caution should be used when modelling an increase in CH 4 emissions from increases in plant productivity (something which is characteristic of current CH 4 models; Melton and others 2013). The lack of relationship between instantaneous GPP and CH 4 fluxes in contrast to the strong importance of vegetation on CH 4 fluxes in our study suggests a longer term influence of vascular plants on CH 4 flux (von Fischer and Hedin 2007) . Namely, identifying vegetation type can help understand potentially high CH 4 emissions by whether the vegetation has the capacity to act as a conduit for CH 4 release to the atmosphere, but not necessarily whether it has high GPP. Our study included a wide range of vegetation communities, some of which have substantial vegetation cover dominated by plant functional groups lacking aerenchymatous roots through which CH 4 could be transported (Chapin and others 1996) . As such, these communities may be expected to have higher GPP values but low CH 4 fluxes. Therefore, we also examined instantaneous GPP-CH 4 flux relationships with wet sedge-dominated vegetation only. Within wet sedge communities, we found only a very weak positive relationship between GPP and CH 4 ( Figure 8A ), suggesting that the influence of GPP on CH 4 flux may occur indirectly over longer timescales (for example, through increasing total DOC inputs to the soil, increased CH 4 production through recent plant photosynthates in the form of root exudates, Dorodnikov and others 2011; Bridgham and others 2013) .
In this study, we have highlighted the importance of plant-mediated transport in drier locations (McEwing and others 2015) . Where the water table was deep within the soil column (>40 cm), a CH 4 flux which was comparable with those of saturated wet sedge communities was found in tussock sedges at both Atqasuk and Ivotuk. Tussock sedge, E. vaginatum, is known to contain aerenchyma (Strö m and others 2003), in contrast with the species present in the adjacent inter-tussock areas. These results suggest that the inundation fraction used by most models to estimate CH 4 emissions from tundra (Bohn and others 2015) is not sufficient in these ecosystems and that plant community must also be considered. Further, this highlights the importance of determining fractions of micro-habitats (tussocks) within single vegetation communities to improve flux estimates.
Neither pH, active layer depth, nor soil temperature influenced CH 4 emissions across all vegetation types and field sites. pH did not significantly vary across all four field sites nor did it correlate with CH 4 flux, consistent with other studies across Arctic tundra ecosystems (Ohtsuka and others 2006; Brummell and others 2012) . This indicates that in these ecosystems, fluxes are not significantly influenced by how acidic or alkaline the soil may be. Again, this simplifies estimation and upscaling of CH 4 fluxes.
Soil temperature is known to strongly control the microbial activity necessary for methanogenesis (Whalen and Reeburgh 1988; Sachs and others 2010) ; however, in this study, soil temperatures were reasonably similar between both dry and wet microtopographic positions. The lack of relationship between soil temperature and CH 4 emissions within this study could be attributed to other environmental controls dominating CH 4 production (Rask and others 2002) , where the whole soil column is anoxic. Drier areas show an increase in both CH 4 oxidation and methanotrophy with an increase in soil temperature (Kutzbach and others 2004; Olefeldt and others 2013) . Most importantly, the relatively short sampling campaign did not allow the inclusion of substantial temperature change. Other factors co-varying with soil temperature such as for example soil moisture, were more important for the explaining the spatial variability in CH 4 flux when measured.
Overall, the substantial explanatory power of a simplified model including three vegetation groups (wet sedge communities, tussock sedge communities, and the other combining moss-only, mossshrub, moss-lichen and dry graminoid communities) indicates that some refinement is needed beyond just looking at the presence/absence of sedges. We show that when differences in growth form are accounted for and sedge communities are considered in the wider context of their plant community, it is still possible to formulate a simplified model to predict CH 4 emissions.
The results of this study provide an important approach to simplifying upscaling CH 4 fluxes across heterogeneous tundra landscapes from the plot scale to the landscape scale. Although plant communities have been used for spatial upscaling of CH 4 fluxes previously, the extent of our study across different vegetation communities and along Ecological Controls on Arctic Tundra CH 4 Fluxes a large latitudinal transect has allowed us to identify the minimum key drivers and recommend a much more simplified model for estimating CH 4 emissions across Arctic tundra landscapes.
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